INTRODUCTION
RNA molecules, in addition to being carriers of genetic information, play key roles in the regulation of transcription and translation and form the catalytic core of both the spliceosome and ribosome. The study of many RNA systems is complicated by the dynamic nature of RNA secondary and tertiary structures, the transient nature of RNA . RNA or RNA . protein complexes, and in some cases the chemical reactivity of the RNA itself.
One useful method to study discrete RNA (and DNA) structures has been to limit available conformations through site-specific intrastrand crosslinking 1 . An alternative approach, widely used in the study of biomolecular recognition or reactivity, is the ''caging'' of the molecule of interest whether it be a substrate, cofactor or enzyme 2 . Classically, caged molecules are chemically modified such that they become activated upon photolysis. In the context of an RNA molecule, a caging approach might be used to block either chemical reactivity of the RNA or formation of secondary or tertiary structure (Fig. 1) . The caged RNA system can be studied both before and after photolysis, thus permitting characterization of the two states and the transition between them.
The first application of the caging approach to studies of nucleic acid structure and function involved blocking the chemical reactivity associated with an RNA functionality, the 2¢-hydroxyl group [3] [4] [5] , as specific RNA 2¢-hydroxyls act as nucleophiles in a number of biologically important transesterifications [6] [7] [8] [9] [10] [11] . In addition, interactions with 2¢-hydroxyl groups are critical in the formation of higher order RNA structures as well as protein . RNA complexes.
Caging of a single 2¢-hydroxyl in a short synthetic oligonucleotide blocks the cleavage reaction catalyzed by the hammerhead ribozyme 6 ; cleavage is initiated by photolysis of the ribozyme . substrate complex 3 . This approach has also been extended to the caging of the branch adenosine 11 in a fulllength precursor mRNA (pre-mRNA) for studies of RNA processing by the mammalian spliceosome 4, 5 . Caging effectively isolates spliceosome assembly from catalysis of the splicing transesterifications, permitting a closer examination of the mechanisms of each. Thus, it has been established that ATP hydrolysis, while required for splicing, is not directly coupled to the first chemical step and also that phosphatase activities implicated in promoting both steps of splicing occur before the first chemical step 4, 5 .
Subsequent to our initial report 3 , the site-specific caging of nucleic acids has been widely applied to regulate a variety of activities or processes including transcription, aptamer and DNAzyme activity, DNA replication and the formation of higher order RNA structures [12] [13] [14] [15] [16] [17] [18] [19] . These experiments have involved either direct modification of pyrimidine or purine functionalities or of groups appended to them. Nonspecific caging of the phosphodiester backbone has been used to regulate gene expression in zebrafish embryos and to modulate siRNA activity in HeLa cells 20, 21 . Our approach to caging the 2¢-hydroxyl functionality relies on earlier work in which the development of methods for the automated synthesis of RNA molecules necessitated strategies for protection of the reactive 2¢-hydroxyl functionality. A variety of solutions to this problem have been explored including the use of the photo-labile onitrobenzyl moiety as a protecting group for the 2¢-hydroxyl of the four RNA nucleosides [22] [23] [24] . The synthesis of a caged adenosine phosphoramidite is straightforward (Fig. 2) and is especially facilitated by the fact that the desired 2¢-modified adenosine nucleoside can be precipitated from the reaction solution. The caged adenosine is efficiently incorporated by standard automated synthesis into short synthetic oligomers that can then be purified by a combination of gel electrophoresis and HPLC (Fig. 3) . The presence of the modified nucleotide is readily confirmed by enzymatic digestion and HPLC analysis (Fig. 4) . This analysis also establishes that uncaging of the RNA proceeds with minimal if any damage to the nucleic acid.
This protocol describes the synthesis and characterization of a short RNA sequence in which a reactive 2¢-hydroxyl is masked in a hammerhead ribozyme substrate (Steps 16-23). Further to this, a single caged nucleotide can be incorporated into a long RNA by joining a synthetic oligomer containing the caged residue (prepared as in to T7 RNA polymerase transcripts using the Moore-Sharp ligation protocol ( The 2¢-caged RNA is activated by photolysis using either a laser or a powerful lamp (depending on the application: see below), and the course of photolysis is readily monitored either by HPLC or thin-layer chromatography (TLC) analyses of enzymatic digests of the oligonucleotide (Figs. 3 and 4) .
MATERIALS

REAGENTS
. Solvents 3| Pour the reaction into 375 ml of ice-cold water and stir the resulting mixture at room temperature. ' PAUSE POINT The reaction thus quenched may be left stirring overnight.
4| Collect the resulting yellow precipitate by vacuum filtration and dry in vacuo. The yield is assumed to be quantitative for the next step in the preparation. m CRITICAL STEP Although the caged nucleoside is relatively stable in ambient light, at this stage and beyond, during prolonged reaction periods, the compound can be protected by wrapping glassware in an aluminum foil. 11| Concentrate the resulting mixture in vacuo and purify the product by silica gel flash chromatography using ethyl acetate as eluant (R f ¼ 0.75) to yield 562 mg (74%) of 5¢-O-(4,4¢dimethoxytrityl)-2¢-O-(2-nitrobenzyl)-N 6 -benzoyladenosine. Note that trityl-containing compounds can easily be visualized on a TLC plate, at this and later stages of the synthesis, by using a Pasteur pipette to puff vapor from concentrated HCl over the plate: trityl-containing compounds turn orange. m CRITICAL STEP Because of the acid sensitivity of the trityl-containing compound, it is advisable, at this and the next stage of the synthesis, to wash the silica gel with 0.5% (v/v) triethylamine in the elution solvent before running the flash chromatography column. Similarly, a small amount of triethylamine (1 ml) should be added to the CDCl 3 NMR solvent before dissolving the sample for analysis.
Synthesis of 2¢-O-(2-nitrobenzyl)-N 6 -benzoyladenosine
6|
Add 2.4 ml (20.6 mmol) of benzoyl chloride using a syringe and stir the reaction for another 2.5 h.
Synthesis of 5¢-O-(4,4¢-dimethoxytrityl)-2¢-O-(2-nitrobenzyl)-N 6 -benzoyladenosine3¢-O-(2-cyanoethyl-N,Ndiisopropylamino) phosphoramidite TIMING 12 h
12| Place a three-neck round-bottom flask under a positive pressure of nitrogen, flame-dry it, and then allow it to cool down to room temperature under nitrogen. 14| Add 0.71 ml (4 mmol) of diisopropylethylamine and 0.29 ml (1.3 mmol) of 2-cyanoethyl-N,N-diisopropylaminochlorophosphite (1.3 mmol) to the reaction using a syringe or by pipetman and allow the reaction to proceed for 6 h under nitrogen. Note that because the phosphite is very viscous, it is easiest to add to the reaction using a pipetman.
15| Pour the resulting mixture into 200 ml of ethyl acetate and wash the resulting solution three times with 5% (w/v) sodium bicarbonate (100 ml per wash) in a separatory funnel. Dry the organic layer over 10 g of anhydrous magnesium sulfate. Concentrate in vacuo using a rotary evaporator, and purify the residue by silica gel flash chromatography using 80% (v/v) ethyl acetate/hexanes as eluant (R f ¼ 0.5-0.6, both diastereomers) to yield 622 mg (92%) of 5¢-O-(4,4¢-dimethoxytrityl)-
Synthesis of a caged hammerhead ribozyme substrate TIMING 1 week 16| Synthesize 5¢GGGUGUA*UGGUU-3¢ (A* represents 2¢-caged adenosine) using 2¢-O-(2-nitrobenzyl) adenosine phosphoramidite and 2¢-Fpmp phosphoramidites on a 1 mmol scale using a DNA/RNA synthesizer. Use the standard RNA synthesis cycle with coupling times of 15 min for regular amidites and 30 min for the caged amidite. m CRITICAL STEP Acid-labile Fpmp phosphoramidites are used in this synthesis rather than silyl-modified t-butyldimethylsilyl (TBDMS) or bis(acetoxyethoxy)methyl (ACE) phosphoramidites (which are deprotected with fluoride) because of the fluoride sensitivity of the nitrobenzyl ether functionality. Test reactions showed that B20% of the nitrobenzyl ether is removed upon treatment with fluoride under conditions used in deprotecting TBDMS-modified RNAs; thus, it is theoretically possible to use TBDMS chemistry in this protocol albeit with significantly lowered yields of caged RNA.
17| Cleave RNA from the resin and deprotect it by treatment with saturated ammonia/methanol (1 ml) in screw-cap tubes at 55 1C. Spin the reaction mixture to separate the resin from ammonia/methanol. Recover the supernatant and lyophilize to dryness using a speed-vac concentrator. ' PAUSE POINT Incubate the lyophilized reaction mixture at 55 1C for 20 h.
18|
Remove the 2¢-Fpmp groups by treatment with 500 ml NaOAc (pH 3.25). ' PAUSE POINT Incubate the reaction mixture for 40 h at room temperature. m CRITICAL STEP The deprotected RNA is susceptible to degradation by ribonucleases, and standard precautions used when working with RNA should be observed.
19| Neutralize the mixture with 500 ml Tris buffer (3.15 M, pH 9), precipitate the RNA with three volumes of ethanol by incubation for 20 min on dry ice and evaporate the product to dryness using a speed-vac concentrator.
20|
Resuspend the crude product in gel loading buffer (8 M urea, 1Â TBE (90 mM Tris-borate, 2 mM EDTA), 1 mM EDTA urea, 0.1% w/v each of bromophenol blue and xylene cyanole) and purify it by denaturing 20% (w/v) (19:1) PAGE (18 Â 20 cm, and 3 mm thick using a comb with one well; see http://genetics.mgh.harvard.edu/szostakweb/resources/Public%20Protocols/ denaturepage/index.html). The caged RNA is located/visualized by UV shadowing. The band is excised, crushed with a glass rod and extracted with 10 ml of 0.3 M NaOAc containing 500 ml phenol/chloroform/isoamylalcohol (25:24:1) on an orbital shaker for 8 h at 4 1C. ' PAUSE POINT The extraction can be performed overnight. m CRITICAL STEP The caged RNA is visualized by UV shadowing with a hand-held 254 nm UV lamp. To prevent photolysis of the caged RNA with the lamp, the gel is covered with cardboard leaving only the outside edges and a portion in the middle of the gel visible. Only the portions of gel protected from exposure to UV light are excised.
21|
The acrylamide is removed by spinning the extraction solution through a filter column (3,000 r.p.m., 4 1C, 10 min) and then the supernatant is extracted with chloroform/isoamyl alcohol (24:1) and precipitated with three volumes of ethanol (dry ice, 20 min).
HPLC purification of caged RNA TIMING 8 h 22| The recovered RNA consists of an B85:15 mixture of caged and uncaged RNA. Resuspend the mixture in 1 ml of water and purify by C-18 reverse-phase HPLC to yield pure caged RNA (elution time: B15 min; gradient elution from 9:1 0.05 M triethylammonium acetate/acetonitrile to 7:3 0.05 M triethylammonium acetate/acetonitrile over 25 min; 1 ml min À1 flow rate using an 85 ml Waters C18 column). The yield of caged RNA is 20% (200 nmol) as determined by UV absorption at 260 nm (a molar extinction coefficient of 124,100 M À1 for the caged RNA, including a value of 3,700 M À1 for the nitrobenzyl group, is used in this calculation) 27 . m CRITICAL STEP Because exposure to UV light during the HPLC run results in partial uncaging of the sample, an analytical run is performed to obtain the elution time of the RNA and the subsequent preparative run is performed with the detector off. RNA can be detected in fractions collected around the expected elution volume by analytical UV spectroscopy at 260 nm.
23| Ethanol-precipitate collected RNA, resuspend it in 100 ml TE (10 mM Tris pH 7, 0.1 mM EDTA) and store at À78 1C to minimize degradation. RNA is stable for at least 6 months under these conditions. Synthesis of a full-length caged pre-mRNA: branch region oligonucleotide synthesis TIMING 10 days total 24| An oligonucleotide representing the branch region of the PIP85B pre-mRNA 28 , 5¢-GGGUGCUGA*C-3¢ (A* represents 2¢-caged adenosine) is synthesized, deprotected and purified as described above for the hammerhead substrate (Steps [16] [17] [18] [19] [20] [21] [22] [23] giving an B20% (200 nmol) yield of caged oligonucleotide as determined by UV absorption at 260 nm (a molar extinction coefficient of 124,100 M À1 for the caged RNA, including a value of 3,700 M À1 for the nitrobenzyl group, is used in this calculation) 27 .
25| Phosphorylate the caged oligonucleotide at the 5¢ position: incubate for 10 min at 37 1C in a 40 ml reaction containing 300 pmol RNA, 70 mM Tris pH 7.6, 10 mM MgCl 2 , 5 mM DTT, 1 mM ATP and 4 U T4 polynucleotide kinase.
26| Add 360 ml of 0.3 M NaOAc to the reaction, extract the reaction mixture with phenol/chloroform/isoamyl alcohol and ethanol-precipitate the RNA (see Step 21) .
Synthesis of a full-length caged pre-mRNA 27| PIP85.B is a 234-nucleotide optimized pre-mRNA that splices efficiently in HeLa nuclear extracts: 5¢-GGGCGAAUUCGAGCUC ACUCUCUUCCGCAUCGCUGUCUGCGAGGUACCCUACCAGkGUGAGUAUGGAUCCCUCUAAAAGCGGGCAUGACUUCUAGAGUAGUCCAGGGUU UCCGAGGGUUUCCGUCGACGAUGUCAGCUCGUCUCGAGGGUGCUGACUGGCUUCUUCUCUCUUUUUCCCUCAGkGUCCUACACAA CAUACUGCAGGACAAACUCUUCGCGGUCUCUGCAUGCAAGCU-3¢ (splice sites indicated with arrows) 28 . Site-specific modifications can be introduced into this RNA by ligation of short synthetic oligomers containing the desired modification to the appropriate upstream and downstream T7 transcription products using a bridging DNA ''splint'' 25 . T7 transcriptions are performed under standard conditions in a 400 ml reaction volume: 80 mM Tris, pH 7.9, 12 mM MgCl 2 , 4 mM spermidine, 20 mM NaCl, 10 mM DTT, 500 mM each NTP, 0.25 mM DNA template (generated by PCR from the appropriate plasmid to introduce a T7 promoter, 5¢-TATAGT GAGTCGTATTA-3¢, at the 5¢ end of the template) and 400 U T7 RNA polymerase. 29| Purify ligations directly by 15% (w/v) denaturing PAGE (see Step 20) . The products are visualized by autoradiography (Fig. 5) .
30| Extract the RNA from the gel slice (see Step 20) , dissolve in a small volume of double-distilled water and store at À78 1C (the sample is stable for at least 6 months under these conditions).
Uncaging 2¢-nitrobenzyl RNA 31| Caged RNAs may be photolyzed using a variety of light sources including an excimer laser, as in option A, described as applied to the hammerhead ribozyme synthesized in Steps 16-23, or arc lamp, see option B, described as applied to the longer pre-mRNA synthesized in Steps 24-30. Because the deprotection times are similar, either option is appropriate for a generic caged RNA sequence. Note that the procedures for the analysis of the products from options A and B are specific to the RNA sequences used (hammerhead ribozyme and pre-mRNA). In particular, the analytical approach detailed in option B relies on the presence of a 32 P radiolabel in both the caged and photolyzed pre-mRNA. TLC analysis of caged pre-mRNA and photolysis products TIMING 6 h (iii) The strategy for synthesis of the caged pre-mRNA (see Step 29; Fig. 5 ) results in a product with a single 32 P label two nucleotides 3¢ to the site of RNA modification with the caging group; thus, digestion of the RNA with RNase T1 and RNase A should yield A 2¢nb pCp* (for caged RNA; A 2¢nb corresponds to caged adenosine, p* corresponds to radiolabel) or ApCp* (for photolyzed RNA; p* corresponds to radiolabel). Digest caged or photolyzed pre-mRNA (50-100 Â 10 3 c.p.m.) with 2 U each of RNase T1 and RNase A (20 ml reaction volume, 10 mM Tris pH 7) for 2 h at 37 1C.
' PAUSE POINT The digestion may be left overnight. (iv) Concentrate the reaction to dryness using a speed-vac concentrator. Resuspend the residue in 4 ml of water and load onto a cellulose PEI TLC plate (4 Â 10 cm) and elute for 1 h in 79:19:1 saturated (NH 4 ) 2 SO 4 /1 M NH 4 OAc/isopropanol. The air-dried TLC plate is exposed to a Molecular Dynamics phosphor screen and then scanned using a Molecular Dynamics Storm 860 Phosphorimager.
ANTICIPATED RESULTS Phosphoramidite synthesis: typical yield
The outlined synthesis of the caged phosphoramidite will yield enough caged phosphoramidite for approximately 21 mmol couplings on a DNA/RNA synthesizer with a typical yield of B200 nmol for a 10-nucleotide caged RNA. 
